ABSTRACT Using greenbugs, Schizaphis graminum (Rondani), as a host, the number of days required for development, survival, and sex ratio (female:male) were studied at Þve constant temperatures (10, 14, 18, 22, and 26ЊC) for colonies of Lysiphlebus testaceipes (Cresson) collected in south Texas, central Oklahoma, and central Nebraska. Developmental rate and lower development threshold were described by a linear function and compared among wasp colonies. The temperature thresholds for development from egg to adult for the Nebraska, Oklahoma, and Texas wasp colonies were estimated to be 5.64, 6.61, and 6.42ЊC, respectively; corresponding degree-day requirements for development were 181.2, 169.5, and 188.0 DD, respectively. No differences in developmental rate or lower development threshold estimates were observed among the wasp colonies. However, adult survival at 10ЊC was greater in the Nebraska colony, suggesting that there may be variation in the ability of L. testaceipes populations to tolerate and survive cold temperatures.
IN THE UNITED States, Lysiphlebus testaceipes (Cresson), a solitary endoparasitoid of aphids (Carol and Hoyt 1986, Stary et al. 1988) , is the most common parasite of several cereal aphids, including the greenbug, Schizaphis graminum (Rondani) (Kring and Kring 1988) . L. testaceipes is an important biological control agent of the greenbug in wheat (Triticum aestivum L.) and sorghum (Sorghum bicolor L.) from Texas to Nebraska (Hight et al. 1972 , Salto et al.1983 , Rice and Wilde 1988 , Fernandes et al. 1998 ). Management recommendations for greenbug in sorghum and small grains include delaying curative control measures if 15Ð20% or more greenbugs are parasitized (Boring and Patrick 1994, Royer et al. 1998) . The effectiveness of L. testaceipes as a biological control agent of greenbug in cereals varies from being quite effective to nearly ineffective. The most common explanation for this trait is that it often does not reduce aphid numbers until late in the growing season after yield potential has been reduced (Jackson et al. 1970, Rice and Wilde 1988) .
Lysiphlebus testaceipes is a ubiquitous natural enemy of greenbugs in the United States, yet little is known of its ability to overwinter. The response of an exothermic arthropodÕs developmental rate to temperature is an important ecological trait (Taylor 1981) because it may affect the timing of reproduction, rate of population increase, and number of generations that occur. Taylor (1981) hypothesized that insect populations that are widely distributed may vary in developmental response to temperature regimes encountered over a gradient of latitude. Evidence supporting that phenomenon among insect populations is conßicting (Lamb et al. 1987; Yu 1992; Elliott 1998a, 1998b; Weber et al. 1999) . Such apparent phenotypic responses may have other explanations, including differences in rearing methods used to compare response (Lamb et al. 1987) , effects of photoperiod and temperature on diapause (Yu 1992) , or effects of photoperiod on feeding behavior (Weber et al. 1999) .
The developmental response of L. testaceipes to temperature has been evaluated (Elliott et al. 1999) ; however, it is not known if development of L. testaceipes varies over its geographic range. Additional knowledge of this insectÕs developmental response to temperature over its geographic range may enhance the predictability of its effective control of greenbug and allow for more reÞned greenbug management guidelines in wheat and sorghum.
The purpose of this study was to test whether L. testaceipes exhibits different temperature-dependent responses in development, sex ratio, and survival that can be attributed to their adaptation to local climatic conditions. We measured egg-to-adult development, sex ratio (female/male), and survival of three L. testaceipes populations collected from locations that represent a gradient of latitude across the central plains of the United States.
Materials and Methods
The L. testaceipes colonies used in this study were obtained from parasitized greenbugs collected in sorghum Þelds in late July through August. Three locations were selected for collection and evaluation: the coastal bend of Texas near Corpus Christi (latitude 27Њ 66Ј N, 96Њ 93Ј W); north central Oklahoma near Stillwater (36Њ 31Ј N, 97Њ 01Ј W); and southeast Nebraska near Lincoln (41Њ 01Ј N, 97Њ 37Ј W). These three locations span a distance of nearly 1,600 km across the central plains of the United States (Fig. 1) , and represent a varying range of climatic conditions (Table  1) . A stock colony for each collection site was derived from 50 Ð100 females, depending on location and maintained for three to four generations in plant growth chambers at 22 Ϯ 0.5ЊC, 50 Ð 60% RH, and a photoperiod of 16:8 (L:D) h at the Plant Science and Water Conservation Research Laboratory, USDA-ARS, Stillwater. Voucher specimens from each colony were deposited at the K. C. Emerson Museum, Oklahoma State University, Stillwater.
The study was arranged as a randomized complete block with four or Þve replications. Cohorts representing each location were reared simultaneously in a growth chamber set at one of the Þve temperatures (10, 14, 18, 22, or 26 Ϯ 0.5ЊC). The experiment was blocked over time. An experimental cohort was established by placing 50 unparasitized Þrst-to thirdinstar greenbugs on sorghum seedlings growing in a 10-cm-diameter plastic pot using an artistÕs brush. Potted seedlings were then covered with a vented clear plastic cylindrical cage (10 cm diameter by 20 cm tall). After allowing the aphids to acclimate for 4 h, six active female L. testaceipes wasps were randomly collected from the designated stock colony using an aspirator and introduced into the cage. The greenbugs were exposed to the wasps for 4 h, and then the wasps were removed from the cage. The cage was then placed in a growth chamber set at one of the Þve temperatures and maintained at 50 Ð 60% RH and a photoperiod of 16:8 (L:D) h.
Cages were inspected daily and newly formed mummies were removed from plants, placed in a plastic petri dish (5 cm diameter by 1.4 cm deep), and returned to the growth chamber. Daily inspections were terminated when no new mummies had been collected for 1Ð2 wk. Petri dishes were shaded from direct light to minimize heat build-up within them. Mummies were examined daily for adult emergence.
The time interval (number of days) that occurred from parasite oviposition to adult emergence was recorded. Sex ratio and percent survival of mummies (percent emergence) were recorded for each cohort. To estimate the developmental threshold and degreeday requirements for development, developmental rate (1/d required for development) was regressed against temperature. The intercept of the temperature axis of the regression serves as an estimate of the lower development threshold and the estimator for development time in degree-days is the reciprocal of the regression coefÞcient, where y ϭ developmental rate and x ϭ temperature (Campbell et al. 1974) . Regressions of developmental rate were compared using PROC REG and chi-square was used to compare sex ratio and percent survival of each clone using PROC FREQ (SAS Institute 1989).
Results
Variation in egg-adult development ranged from 53.53 (ϮSE ϭ 0.48) days at 10ЊC to 8.86 (Ϯ0.06) days at 26ЊC (Table 2 ). The eggÐadult development time required by L. testaceipes recovered from each geo- graphic cohort decreased as temperature increased (Table 3 ). There were differences in survival among the isolates at 10ЊC (Table 4) . Adult survival at 10ЊC for the Nebraska colony was greater than the central Oklahoma ( 2 ϭ 23.9, df ϭ 1, P Ͻ 0.01) or south Texas isolates ( 2 ϭ 19.0, df ϭ 1, P Ͻ 0.01). Sex ratios were strongly biased toward females (Table 2) ; however, there were no differences in sex ratio among colonies at any temperature. Slopes and intercepts for each location were compared for similarity (Neter et al. 1989) . No differences in slopes or intercepts were detected among locations (F ϭ 1.58; df ϭ 4, 9; P Ͼ 0.25) ( Table 3 ; Fig. 2 ). Honek and Kocourek (1990) showed that insect development data appeared to be correlated with average annual temperatures that occurred in the region of origin for each species. They hypothesized that species from warmer climates generally require higher developmental thresholds and fewer degree-days for development compared with insects originating in cooler climates. Several studies that have examined intraspeciÞc variation in developmental rates do not consistently support Honek and KocourekÕs (1990) general hypothesis, and suggest alternative explanations for the apparent developmental responses among insect populations that appear to be adapted to local climatic conditions. Yu (1992) reported that temperature and photoperiod affected diapause development among geographic isolates of Aphelinus varipes (Foerster) when grown on Russian wheat aphid Diuraphis noxia (Mordvilko). Weber et al. (1999) suggested that the apparent rapid development of northern populations of the spruce budworm, Choristoneura fumiferana (Clemens), was not the result of thermal adaptations, but instead, may have been a product of inßuences in photoperiod on feeding behavior. Sota and Mogi Y ϭ developmental rate, X ϭ temperature. DD ϭ degree-days. LDT ϭ lower development threshold Chi-square values followed by an * are signiÞcantly different, df ϭ 2, P Յ 0.01. (1995) observed clinal variation in adult size and expression of autogeny among strains of Aedes togoi (Diptera: Culicidae), but no apparent differences in overall developmental rate. Elliott (1998a, 1998b) compared the developmental response of two geographic isolates of Aphelinus albipodus Hyat & Fatima and Aphelinus asychis (Walker) using Russian wheat aphid as a host. They found no differences in egg-to-adult development time between the two strains of A. albipodus, but observed measurable differences in egg-to-mummy and mummy-to-adult development. They did not determine if the apparent differences were the result of a facultative diapause event or a developmental response to temperature.
Discussion
The results of their study of developmental response of two geographic isolates A. asychis (Walker) determined that there were measurable differences in the egg-to-adult development time between the two strains. Further analysis suggested that observed differences in overall development were associated with variations in egg-to-mummy and mummy-to-adult development between the two strains. Elliott et al. (1999) noted that L. testaceipes appears to be best adapted to warmer climates, but indicated that it was not known if developmental responses of the parasitoid that originated from different climates were consistent with the colony that they studied. This present experiment revealed no meaningful differences in developmental rate among the three colonies we examined. The estimates for both degree-days required for development and lower development threshold are consistent with those reported by Elliott et al. (1999) for L. testaceipes, and different than results reported by Tang and Yokomi (1995) when they studied development of L. testaceipes on black citrus aphid Toxoptera citricida (Kirkaldy).
A statistically higher proportion of individuals from central Nebraska survived at 10ЊC, (mean survival ϭ 74%) compared with the Oklahoma (mean survival ϭ 47.2%) and Texas (mean survival ϭ 51.1%). Tyler and Jones (1974) showed that fewer L. testaceipes adults emerged when reared at 12.8ЊC compared with ones reared at 24ЊC, but attributed it to increased handling and problems associated with experimental conditions. Archer et al. (1973 Archer et al. ( , 1974 found that 53% of 3 d-old mummies, 62% of 6-d-old mummies, and 36% of adults survived after being stored at 1.7ЊC for 14 Ð15 d. They concluded by stating "the parasitoid (L. testaceipes) may not be able to overwinter as an adult" (Archer et al. 1974) . Their studies did not lend themselves to direct comparisons of overall survival of mummies held at 10ЊC.
In this study, we observed that the Nebraska population of L. testaceipes was more tolerant of cold temperatures than the colonies from Oklahoma and Texas, based on mummy survival at the lowest temperature. If the "cold tolerance" that we observed in our experimental colonies is a consistent trait among more northern L. testaceipes populations, the trait could be exploited through augmentative or inundative release programs when wasps become absent in winter wheat Þelds in late winter or early spring. However, additional studies are needed to determine if this is a consistent trait within L. testaceipes populations that reside in colder climates. We did not vary photoperiod in our study, which has been shown to inßuence development and initiation of diapause in other arthropods. Little is known about the overwintering habits or other basic ecological characteristics exhibited by this parasite, despite its importance as a natural enemy of cereal aphids. Certainly, a closer examination of the ecology and life history of this important natural enemy of cereal aphids is needed to fully incorporate it as a natural control agent in the context of a comprehensive integrated pest management system for wheat and sorghum.
